Abstract-This paper presents a characterization method to experimentally determine the angular distribution of scintillation light. By exciting LYSO crystals with a radioactive source, we measured the light angular profiles obtained with samples of different geometries in different conditions of wrapping. We also measured the angular distribution of light emitting in glue and compared it with the one emitting in air. Angular distribution of light output of photonic crystals is also provided. Consistency of the measurements is verified with conventional light output measurements.
I
NNOVATIVE medical imaging systems and challenging next-generation particle physics experiments depend upon ultimate energy and timing resolutions of inorganic scintillators. Both require a number of photons extracted from the crystals as large as possible. If material selection can already maximize the quantity of generated photons, the relevant parameter is actually the number of photons extracted from the crystals. In this sense, wrappings and/or coatings are useful to minimize lateral losses in the transport process. Along the same line, the use of coupling media for refraction indexes matching also leads to a better photon extraction. These approaches are however often empiric. To better understand the origin of the changes in light collection/ extraction, the study of the angular distribution of the light exiting the crystal can be very helpful. The angular profiles of the scintillation light can indeed be analyzed and compared to the photodetector angular collection efficiency, as in [1] , [2] . More importantly, this method can provide parameters for new lines of research aiming at finding optical technologies able to modify the light output of a scintillator in order to better match the collection efficiency of the photodetector or to focus it on a peculiar detector pattern (e.g., photodetector presenting dead areas). These solutions become crucial when gluing the crystal to the photodetector is excluded or when too little space is available between the crystal and the photodetector surface to use macroscopic optical systems [3] . In this paper, we present our recent measurements of angular distribution performed with a simple and flexible bench where scintillation photons were produced by exciting the crystal with a gamma source Cs and detected by a photomultiplier tube.
II. EXPERIMENTAL PROCEDURES
The setup, shown in Figs. 1 and 2, was installed in a light tight box equipped with a cooling system to keep the temperature constant at C. The crystal holder was placed on a motorized rotary table 1 with the extraction face aligned with the axis of rotation of the rotary table.
The alignment of the crystal was achieved with a digital camera 2 coupled to a microscope objective and two orthogonal translation stages 3 placed at the base of the crystal support. The optical instruments were also useful to examine the surface 1 Zaber Technologies Inc, T-RS60A-KT03. 2 Canon, EOS 500D. 3 Edmund Optics, 56-362.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. state of the crystal. A photomultiplier tube 4 (PMT) was located at the opposite side of the camera. The samples were excited with 662 keV -rays from a Cs radioactive source positioned on the top. The gamma source is a convenient choice since it is the source used in many applications which make use of inorganic scintillators (e.g., positron emission tomography). In addition, a radioactive source allows exciting wrapped crystals and the excitation is rather homogenous ( cm for 511 keV -rays in a LYSO crystal). By contrast, in earlier studies, where X-rays [4] or UV-light [5] were used for excitation, the crystal could only be excited on its surface.
The light output was measured for each angle [as defined in Fig. 2(c) ]. We note here that, for each angle, the value computed corresponds to an integration over a solid angle defined by the angular resolution . Since the setup was built in order to have the surface of the crystal point-like with respect to the PMT, we can define as:
where is the aperture of the PMT and the distance between the emitting face of the crystal and the PMT window.
The optimum resolution was actually a trade-off between and since the best angular resolution yielded intensities not distinguishable from the noise. For most of our measurements, was fixed at 4 except when we investigated the glue coupling and the photonic crystals (see Section III-B) where we fixed . As a consequence, we acquired a value of intensity every 5 in the former set of measurements and every 10 in the last two sets. 
A. Crystal Holder Description
The crystal holder used for each measurement (Fig. 3) has a groove (6 mm wide and 20 mm long) able to host different sizes of crystals. A cap screwed on the top was both fixing the crystal and housing the radioactive source in two positions along a 20 mm long crystal. The holder also allowed placing the source at the back of the crystal as shown in Fig. 3 .
Some preliminary tests showed however that the angular distribution profiles were not affected by the position of the source with respect to a 20 mm long crystal. This is due to the fact that our radioactive source is not point-like: the crystal is thus excited quasi-homogeneously for all source positions.
Since the light output is higher when the source is close to the crystal emitting surface (less affected by attenuation inside the crystal), we fixed this position of the source for all the measurements we present in this paper.
In order to evaluate the angular distribution of the light output in the case of glue coupling (see Section III-B.1, the crystal was also glued in the centre of a 10 mm diameter glass hemisphere (Fig. 4) . A hemisphere lens was already used in [6] for purposes similar to ours and in [1] and [2] for simulating light collection in scintillation detectors. An 800 m pinhole carved in an aluminium plate darkened by oxidation, ensured that the emitting surface was point-like with respect to the lens. This fact guarantees that photons extracted from the crystal leave the hemisphere at normal incidence, allowing optimum detection. Besides, the pinhole also permitted selecting a region of the output face of the crystal having the best surface state.
B. Samples Description
Lutetium Yttrium Orthosilicate (LYSO) was chosen here as it is an excellent candidate for applications requiring very good timing and energy resolution [7] . For this work three crystals of LYSO with section mm were selected. They differ in length and surface state as listed below:
• Crystal 1: mm with all faces polished; • Crystal 2:
mm with all faces polished; • Crystal 3: mm with one mm face unpolished. In addition, we tested two LSO crystals of dimension mm having a pattern of silicon nitrite Si N deposited on the extraction surface as shown in Fig. 5 . These nano-structured patterns are called photonic crystals and can be used to surmount the limitation of total internal refraction in scintillators with high index of refraction [8] . For our tests, we selected the samples referred as P2 and P6 in [5] . We measured for reference an unmodified crystal of the same size. Since the angular distributions measured in [5] were obtained with UV-light, they were measured again here with the gamma source.
We then measured the angular distribution of scintillation photons in order to investigate the effect of:
• Surface condition: wrapping and unpolished surfaces;
• Coupling: glue coupling and photonic pattern. Teflon was used as wrapping. As coupling medium we used RTV 3145 from Dow Corning of index of refraction at 420 nm [9] , [10] .
C. Data Acquisition
The current produced by the PMT after light detection was read by a picoammeter 5 which was connected to a computer. A Labview software was used to control both the motorized rotary table and the picoammeter. Each run from to was repeated ten times and the noise level, measured with the same data acquisition procedure, was also recorded for offline subtraction. The data plotted and discussed in Section III are based on the average of the ten runs and the error bars displayed in Fig. 6(a) are the FWHM computed from the cycle. In 5 Keithley Instruments Inc., 6485 order to achieve a better readability, the other plots of Section III will be presented without error bars.
III. RESULTS AND DISCUSSION

A. Surface Condition
In this section we show the effect of the presence of wrapping and unpolished faces on the angular distribution of light output. 1) Wrapping: Fig. 6 displays the angular distribution of mm crystals with all the faces polished for different wrapping conditions: a) naked (no wrapping); b) lateral wrapping: only the small surfaces mm were left unwrapped; c) back wrapping: only the surface opposite to the emitting one was wrapped; d) full wrapping: both lateral and back surfaces were wrapped. The non-normalized angular distributions [ Fig. 6(a) ] emphasize the respective gain in light brought by the various wrapping conditions. We note that, after integration on all angles, the light outputs (see Table I ) are consistent with the light yield measurements from [11] . The angular distributions measured here allow however understanding in what angular regions the extra light is concentrated. The angular distributions were therefore normalized [ Fig. 6(b) ] to the value of intensity at 0 in order to emphasize possible changes in their shape. We can observe from this graph that the lateral wrapping causes a gain of light at larger angles, as compared to the naked crystals. Although the narrowest distribution is obtained with the back wrapping, crystals with full wrapping also show a slightly narrower distribution. These changes in the distribution of the extracted light are however too subtle to significantly alter the response of the photodetector.
2) Surface State: Fig. 7 compares the angular distribution of mm crystals having their extraction face unpolished, to the one of fully polished crystals with the same dimensions. Both measurements were performed here without wrapping. We observe that the unpolished extraction face yielded a flatter angular distribution. This is due to the fact that, when encountering the unpolished face, the photons are re-routed with a random direction. In addition, this randomness can break the total internal reflections observed with fully polished crystals yielding to the extraction of photons which would otherwise be trapped inside the crystal and lost by absorption [see Fig. 7(b) ]. We see that, although this additional light extracted from the crystal accounts for a factor 1.17, this light is again mostly collected at larger angles.
The angular distributions of crystals having their back face (face opposite to the extraction face) unpolished were also investigated. We provide in Fig. 8 the curves measured for the four wrapping conditions described in Section III-A.1.
When comparing Fig. 8 to Fig. 6(a) , we observe a smoother distribution of the light for the crystals with an unpolished back face. The total internal reflections that yielded small fluctuations at given angles in case of fully polished crystals, were most probably blurred by surface roughness of the back face.
We note as well from Fig. 8 that the lateral wrapping displays a different behavior, as compared to Fig. 6(a) . No gain in light is observed here and the angular distributions of naked crystals and crystals with lateral wrapping can almost not be separated. We explain the difference between the back face polished and the back face unpolished with four sketches in Fig. 9 . In case of back face polished, photons which would escape the crystals through one of the lateral faces [ Fig. 9(a) ] can be redirected by using lateral wrapping and eventually reach the photodetector after interaction with the back face, as described in Fig. 9(b) . When this back face is unpolished, the probability that these photons are redirected towards the photodetector is lowered and most of the photons are actually escaping the crystal from the back face [ Fig. 9(c) ]. Adding back wrapping allows recollecting these photons [ Fig. 9(d) ] and thus increases significantly the light yield (see Table II ).
Therefore, in presence of back face unpolished, the lateral wrapping alone is not increasing the light yield of the naked crystal, however it plays an important role when back wrapping is used as well.
B. Coupling Media
In this section we address the effect on angular distribution in the presence of glue coupling and photonic pattern depositions on the extraction face of the crystal. Fig. 10 shows the angular distribution with and without glue of a mm fully wrapped in Teflon. Only half of the data are plotted since they corresponded to a better alignment of the extraction face of the crystal (critical because of the presence of the 800 m pinhole). The gain of light obtained (1.92) in the case of glue coupling, is consistent with light yield measurements.
1) Glue:
A focalization of the light around 40 can be observed in Fig. 10(b) .
2) Photonic Crystals: Fig. 11 shows a gain of light for both photonic patterns with respect to the reference crystal. Pattern P6 allows collecting more light but P2 is more efficient in collimating it and thus might be useful in case the collection efficiency of photodetectors is restricted to rather small angles.
IV. CONCLUSION
We have built a simple and flexible experimental bench for measuring the angular distribution of the light extracted from heavy inorganic scintillators. The crystals were excited by a Such a bench will be very helpful to provide parameters for simulations aiming to develop new types of optical couplings which maximize the light collection of a photodetector but also to validate their performances once they are produced.
Our measurements show that, except for the significant gain of light observed with wrapping, there is no significant difference in the angular distribution for different conditions of wrapping.
Furthermore our results show that, when the emitting surface of a mm scintillator is unpolished, the angular distribution profile is smoother and thus the light is less collimated.
By comparing the angular distribution profiles of the light extracted in air and in glue from a mm crystal, we noticed that glue coupling causes a focalization of light around 40 .
V. OUTLOOK
The longest sample used in this work was 20 mm long. Differences in angular distribution could be measured on samples with higher aspect ratios to better understand the light propagation in elongated structures. More generally, other conditions of wrapping/coating and various surface states could be investigated as well. The influence on angular distribution of specific damages of the samples is also an interesting line of study. This can be a useful analysis for recently developed fiber-shaped crystals [12] , [13] where surface defects are likely to alter significantly the smooth angular distribution profiles measured here.
